Results During pregnancy, mean (±SD) doxorubicin PK parameters utilizing 72 h sampling were: clearance (Cl), 412 ± 80 ml/min/m 2 ; steady-state volume of distribution (Vss), 1,132 ± 476 l/m 2 ; and terminal half-life (t 1/2 ), 40.3 ± 8.9 h. the BSa-adjusted Cl was significantly decreased (p < 0.01) and t 1/2 was not different compared to non-pregnant women. truncating our data to 48 h, PK parameters were: Cl, 499 ± 116 ml/min/m 2 ; Vss, 843 ± 391 l/m 2 ; and t 1/2 , 24.8 ± 5.9 h. the BSa-adjusted Cl in pregnancy compared to non-pregnant data was significantly decreased in 2 of 3 non-pregnant studies (p < 0.05, < 0.05, nS). Vss and t 1/2 were not significantly different. Conclusions In pregnant subjects, we observed significantly lower doxorubicin Cl in our 72 h and most of our 48 h sampling comparisons with previously reported nonpregnant subjects. However, the parameters were within the range previously reported in smaller studies. at this time, we cannot recommend alternate dosage strategies for pregnant women. Further research is needed to understand the mechanism of doxorubicin pharmacokinetic changes during pregnancy and optimize care for pregnant women. Carbonyl reductase 1
Introduction
Cancer complicates approximately 1 in 1,000 pregnancies. Chemotherapy for the mother poses risks for the fetus, but treatment cannot always be delayed until after delivery [1] . reports of safe use of chemotherapeutic agents such as cyclophosphamide and vinca alkaloids in mid-and latepregnancy exist, but in practice, management is mostly based on case reports and retrospective studies [1] . Body surface area (BSa)-adjusted doses in the same range as utilized in non-pregnant population have been used in pregnant subjects, despite changes in drug pharmacokinetics that may occur during pregnancy. Pharmacokinetic studies have rarely been performed on pregnant women receiving chemotherapy. Only two reports estimating the pharmacokinetic parameters of chemotherapeutic drugs during pregnancy have been published. a case report on a single subject described enhanced clearance (Cl) of paclitaxel, compared to literature values, during late pregnancy [2] . these findings were supported by a recent study that found both increased Cl and increased volume of distribution (Vd) of paclitaxel and carboplatin in mid-to late-pregnancy [3] . Doxorubicin Cl and Vd were reported to not be significantly altered by pregnancy following 48 h of sampling post-dose [3] . However, the pharmacokinetic analysis did not account for gestational increases in body weight or for active metabolites. More data are required to understand the mechanisms for changes in chemotherapeutic drug disposition during pregnancy and improve dosage guidelines.
Doxorubicin, an anthracycline antibiotic, has been used during pregnancy for the treatment of malignant tumors such as breast cancer, lymphoma, and leukemia [4, 5] . In non-pregnant subjects treated with short-term intravenous infusions, doxorubicin's disposition is usually tri-phasic, with half-lives of <5-10 min, 0.5-3 h, and 24-36 h [6] . Doxorubicin is bound to plasma proteins (74-76 %), primarily albumin [7] [8] [9] . Previously reported volumes of distribution (mean ± SD) for doxorubicin in non-pregnant subjects with 48 h sampling duration are 572 ± 215-682 ± 433 l/m 2 and plasma clearance 492 ± 155-677 ± 229 ml/min/m 2 [10] [11] [12] . In a single study with 72 h sampling duration, plasma clearance was 598 ± 142 ml/min/m 2 [13] . Doxorubicin is eliminated primarily by hepatic metabolism and biliary excretion [6] . the only metabolite regularly found in subjects' plasma is doxorubicinol, an active metabolite formed primarily by carbonyl reductases and aldo-keto reductases [14, 15] . Other inactive doxorubicin metabolites in humans include aglycones, glucuronides, and sulfates. additionally, oneelectron redox cycling of doxorubicin, catalyzed by a number of oxidoreductases, results in the formation of free radicals, which have been associated with the drug's cardiotoxicity [3, 16, 17] . Doxorubicin accumulates in the placenta, and the parent drug as well as its metabolites have been detected in fetal tissues [18, 19] . adverse pregnancy outcomes, including preeclampsia at 28 weeks gestation [20] , intrauterine growth restriction [21] , and fetal demise [19] have been reported when doxorubicin was administered during mid-or late-pregnancy. However, doxorubicin appears to have a relatively better safety profile for the post-first trimester fetus when compared with other anthracyclines [1] . the lack of optimization of doxorubicin dosage regimen in pregnancy potentially impacts the efficacy and safety for these patients. given the limited information available, this study was designed to evaluate doxorubicin pharmacokinetics in mid-and late-pregnancy as compared to previously reported data in non-pregnant subjects.
Methods
the study was conducted at the University of Washington and Swedish Medical Centers, Seattle, and the georgetown University Medical Center, Washington DC, between 2006 and 2010. the protocol was approved by the institutional review boards at each site and conducted in accordance with their guidelines. all subjects gave written informed consent.
Patients
We studied the plasma pharmacokinetics of intravenous doxorubicin in seven pregnant subjects. Subjects were eligible to participate if they were pregnant, at least 18 years of age, had a hematocrit of at least 28 %, and received doxorubicin for therapeutic purposes. Blood and urine samples were collected during mid-(19, 22 and 26 weeks gestation) or late-pregnancy (29, 32, 32 and 34 weeks) as well as at 2.6 weeks postpartum (n = 1). Subjects received cycles of intravenous doxorubicin as part of combination chemotherapy, according to standard clinical protocols (table 1) . Six subjects received short-term infusions over 3-30 min (23.4-60.4 mg/m 2 ). One subject received a 48 h infusion (74.0 mg/m 2 ).
Sample collection
Serial venous blood samples were collected at 0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 16, 24, 48 , and 72 h following the initiation of the doxorubicin infusion. Urine was collected over the 72 h period following the initiation of doxorubicin administration for estimation of creatinine clearance as well as renal excretion of doxorubicin and doxorubicinol. none of the women had a urinary catheter.
Plasma and urine sample analysis
Plasma and urine samples were stored at −80° C until analysis. Doxorubicin and doxorubicinol concentrations were measured as previously described [22] . the recovery of doxorubicin and doxorubicinol was approximately 94 %. the limit of detection of doxorubicin and doxorubicinol was 2 nM; the limit of quantification was 5 nM. the standard curve was linear between 5 and 10,000 nM. the intra-day coefficient of variation was <5 %, and the interday variation was <10 % based on 5 replicates each.
Pharmacokinetic analysis the pharmacokinetic parameters of doxorubicin were determined utilizing standard non-compartmental techniques as previously described [23, 24] 
Results

Subject population
a total of 7 subjects participated in the study, whose demographics are described in table 3. all the pregnant women were treated with doxorubicin as a component of their cancer chemotherapeutic regimen, along with antiemetic drugs (n = 7) and prenatal vitamins (n = 6) (table 1) . as expected, serum albumin concentrations were lower than reference values in all the pregnant subjects (29 ± 4 g/l, compared to reference mean values for non-pregnant adults of 39-44 g/l), and total protein was below normal in 6 of the subjects. alkaline phosphatase concentration was mildly elevated in Subject 4, as can occur in normal pregnancy (2.5 μkat/l; normal range 0.6-2.0 μkat/l). Otherwise, hepatic and renal function values were within the normal range. Figure 1 depicts the plasma concentration versus time curves for doxorubicin and doxorubicinol in Subject 1 during late pregnancy and 2.6 weeks postpartum. On both study days, the initial rapid decline in doxorubicin concentration was followed by a slower decline, which became log-linear beyond 24 h. Doxorubicinol appeared rapidly in plasma and its concentrations decreased in parallel with those of doxorubicin. Doxorubicinol concentrations at 72 h on the late-pregnancy study day were below the limit of quantification (<5 nM). the concentration-time profiles of the other subjects who received short intravenous injections were similar. Slow infusion of doxorubicin to Subject 3 resulted in a slow increase in the doxorubicin plasma concentrations and doxorubicinol was not detectable in plasma until 8 h after the initiation of the infusion. For all subjects, the pre-dose concentrations of doxorubicin were below the limit of detection (2 nM). the subjects' pharmacokinetic parameters are reported in table 2. the duration of sample collection affected doxorubicin pharmacokinetic parameter estimates. therefore, for statistical comparisons, data were truncated to the duration of sampling in the previously published comparator studies. Utilizing our full 72 h sample collection, doxorubicin Cl was 412 ± 80 ml/min/m 2 (range 310-536 ml/ min/m 2 ). the fraction of total aUC that was extrapolated from 72 h to infinite time was 21.1 ± 8.4 % (data not shown). the estimated clearance for Subject 3 (374 ml/ min/m 2 ), who was treated with a prolonged doxorubicin intravenous infusion, was within this range. Doxorubicin pharmacokinetic parameters other than Cl were not calculated for this subject given the limited sampling following the end of drug administration. Doxorubicin Vss and t 1/2 were 1,132 ± 476 l/m 2 (range 493-1,778 l/m 2 ) and 40.3 ± 8.9 h (range 31.4-56.8 h), respectively. the aUC doxorubicinol /aUC doxorubicin ratio was 0.45 ± 0.10 (range 0.33-0.61). When comparing the pharmacokinetics of our pregnant subjects to non-pregnant subjects in the literature with 72 h sampling duration, the BSa-adjusted Cl was significantly decreased (p < 0.01) and the terminal half-life was not significantly different. Previously published Vss and aUC doxorubicinol /aUC doxorubicin ratio estimate that utilized 72 h sampling are not available for statistical comparison. When Subject 1 was studied again 2.6 weeks after delivery, her doxorubicin BSa-adjusted clearance and volume of distribution at steady state were 36 and 28 % lower than her late-pregnancy values, respectively, and doxorubicin aUC was 57 % greater. Half-life remained unchanged.
Utilizing our data truncated to 48 h, doxorubicin clearance was 499 ± 116 ml/min/m 2 (range 336-628 ml/min/ m 2 ). the fraction of total aUC that was extrapolated from 48 h to infinite time was 19.9 ± 8.3 % (data not shown). On both study days, the subject received 42 mg of doxorubicin intravenously over 3 or 6 min. On the latepregnancy study day doxorubicinol concentration at 72 h was below the limit of quantification Doxorubicin Vss and t 1/2 were 843 ± 390 l/m 2 (range 385-1,354 l/m 2 ) and 24.8 ± 5.9 h (range 18.2-34.9 h), respectively. the aUC doxorubicinol /aUC doxorubicin ratio was 0.43 ± 0.1 (range 0.31-0.57). When comparing our truncated 48 h sampling pharmacokinetics of pregnant women to the non-pregnant subjects with 48 h sample collection, our BSa-adjusted Cl was significantly decreased in 2 of 3 comparator studies. Our Vss was not significantly different compared to all three studies. Our half-life and aUC doxorubicinol /aUC doxorubicin ratio did not show differences compared to the majority of the previously reported studies.
the mean renal clearance of doxorubicin (n = 4) was 178 ± 101 ml/min. the cumulative urinary excretion of doxorubicin and doxorubicinol over the first 72 h accounted for 19.1 ± 10.2 and 3.6 ± 3.0 % of doxorubicin dose, respectively (data not shown). the fraction of the dose collected in the urine (truncated to 48 h following drug administration) as doxorubicin was 18.9 ± 8.5 % (n = 5) and doxorubicinol was 3.2 ± 2.2 %. In comparison, previous studies reported 3.4 and 9.6 % of doxorubicin dose recovered in the urine as the parent compound and 0.8 and 3.3 % as the alcohol metabolite over 5-7 days following dosing [25, 26] .
Patient outcome
all seven women and infants survived pregnancy. Median gestational age at delivery was 37 (range 27-39) weeks, and median birth weight was 2,911 g (range 724-3,856). the infant birth weights ranged between the 5th and 90th percentile of age-matched infant girls, with the exception of one infant, born preterm, who was at less than the second percentile of age-matched infant girls [27] . Subjects 3 and 6 prematurely delivered infants at 27 5/7 and 36 6/7 weeks, respectively. Subject 4 developed congestive heart failure that was diagnosed 4 months after delivery, following 10 weeks of treatment with trastuzumab for lung metastases. She later developed brain metastases and died 20 months after delivery. Subject 5 briefly experienced hypotension (BP range 77-85/47-49 mmHg) and tachycardia (Hr range 117-129 beat per minute) in response to drug administration. the subject was successfully treated with intravenous hydration. Her vital signs were within normal limits 24 h post-dose. none of the subjects had unusual drops in blood counts, and we did not observe any exaggeration of clinical side effects. temporary bruising was noted at the blood sample collection site for Subject 1, 3, 4, and 6. Subjects 2 and 7 completed the study without any short-term adverse events. Six subjects responded well to their therapy, and the mothers and their infants are alive.
Discussion
given the rarity of cancer during pregnancy, limited research has been conducted evaluating doxorubicin pharmacokinetics during gestation. Since efficacy and safety are of major concern when administering chemotherapy, understanding the effects of pregnancy on doxorubicin concentrations is important to optimize care. although we had a small sample size, the findings from this study contribute to the literature by providing doxorubicin pharmacokinetic data on seven additional pregnant subjects. this is the first study to report the concentrations of doxorubicinol, an active metabolite of doxorubicin, in pregnant women. this study also provides doxorubicin pharmacokinetic parameter estimates utilizing a longer sampling duration than previously reported in pregnancy, which allows for more accurate parameter determination [3] . three previously published studies in non-pregnant subjects (n ≥ 20) collected samples over 48 h. Only one previously published study in non-pregnant subjects with n ≥ 20 continued sampling for 72 h. Since duration of administration does not profoundly influence doxorubicin pharmacokinetics, we included studies with IV bolus and prolonged infusions in our comparison studies [16] . Studies including subjects with liver disease were excluded from comparison, as Cl decreases significantly with liver impairment [11] .
the Cl of doxorubicin in our study was significantly lower than reported in the non-pregnant comparator study utilizing 72 h sampling [13] , as well as in two out of three studies with 48 h sampling [11, 12] . this was in contrast to Van Calsteren et al. [3] , who used a 48 h sample collection protocol and found no significant differences in Cl between seven women in mid-to late-pregnancy and five age-matched, non-pregnant women. the mechanism for the decrease in doxorubicin Cl is unknown. Several possible factors might contribute to changes observed during pregnancy. the effects of age and sex on doxorubicin Cl have been reported with conflicting results [8, 16] . although doxorubicin Cl has been reported to be slower in women than in men [28] , a more recent study by rudek et al. [29] did not find a significant difference when Cl was normalized to BSa. therefore, we included comparator studies that include adults of either sex. the assay method that we used was similar to the previous studies and is unlikely to have caused the observed differences. another possible explanation could be drug interactions. It has been suggested that cyclophosphamide slows elimination of doxorubicin through 7-deoxyaglycone formations in rats [30] . However, the four subjects who received concurrent cyclophosphamide in our study did not show differences in Cl as compared to those who did not receive the drug. We did not find any other significant drug interactions that have been reported to affect doxorubicin Cl. Doxorubicin appears to be an intermediate to high extraction ratio drug; therefore, the decreased Cl could potentially be due to alterations in hepatic blood flow, protein binding, and/or enzyme activity. Potential changes in hepatic blood flow are unlikely to explain the decreased Cl, because liver blood flow is typically unchanged or increased rather than decreased during pregnancy [31] . In addition, given that decreased protein binding would be expected to cause an increase in Cl, our findings are not explained by changes in protein binding. Interestingly, carbonyl reductase 1 (CBr1), a major contributor to doxorubicin metabolism [32] , has decreased activity in the rat ovary throughout pregnancy [33] . More recently, 17β-estradiol has been shown to decrease CBr1 protein expression in porcine endometrium [34] . However, CBr activity differs between species [16] and whether those changes occur in other tissues (such as the liver) or in humans has not been reported. Of note, if all studies (small and large) reporting adult doxorubicin pharmacokinetics are included, Cl values for our subjects fall within the range previously reported in non-pregnant subjects. this is likely explained by the high inter-individual variability reported for doxorubicin pharmacokinetics in the smaller studies [35] .
For Subject 1, the only subject for whom we have postpartum data (at 2.6 weeks), we observed that changes in BSa-adjusted Cl were in the opposite direction of the population effect. Doxorubicin Cl was 56 % higher during pregnancy than postpartum. Similarly, Van Calsteren et al. found two patients with 60-98 % higher doxorubicin Cl during pregnancy compared to postpartum at 6.5-7 weeks [3] . In the only available baboon study (n = 3), Cl was 77 % higher during pregnancy compared to postpartum [3] . these findings differ from our pregnancy comparisons with previously published data in non-pregnant subjects. Our study is limited by the fact that we did not have postpartum controls for all our subjects. However, the difference that we have observed at 2.6 weeks postpartum may reflect intra-individual variability in doxorubicin pharmacokinetics or possibly 2.6 weeks is not long enough postpartum for CBr1 activity to return to baseline.
renal elimination appears to play a larger role in doxorubicin elimination in pregnant subjects than in nonpregnant subjects. In pregnancy, renal plasma flow, glomerular filtration rate, and P-glycoprotein (P-gp) mediated net renal tubular secretion increases [36, 37] . Consistent with this, the fraction of the dose collected in the urine over the first 48 h following doxorubicin administration was 18.9 ± 8.5 % (n = 5) as compared to previous reports of 3.4 and 9.6 %. In addition, the fraction of the dose collected in the urine over 48 h as doxorubicinol was 3.2 ± 2.2 % as compared to 0.8 and 3.3 % over 5-7 days from dosing [25, 26] . the fraction of the dose collected in the urine over the first 72 h was 19.1 ± 10.2 % as doxorubicin and 3.6 ± 3.0 % as doxorubicinol (n = 4). although doxorubicin is predominantly metabolized by the liver and excreted in the bile, the increased renal elimination during pregnancy to some extent counteracts the decreased extrarenal clearance.
elis et al. [38] recently reported on the association between doxorubicin aUC and clinical response in 19 nonpregnant adult patients with Hodgkin's lymphoma. Using the same method to estimate the aUC in our subjects who were treated with short-term infusion, the values were within or greater than the range previously reported (274-742 ng h/ml). Our mean doxorubicinol/doxorubicin aUC ratio (0.45 ± 0.1) was not significantly different than that reported for non-pregnant subjects in most previous studies [6, [10] [11] [12] [13] . Breast cancer patients who receive chemotherapy during pregnancy appear to have a similar outcome, stage for stage, as non-pregnant patients. notably, recent results from the Cancer and Pregnancy registry (n = 130) demonstrated that survival rates at 3 years for pregnant women diagnosed with stages I to III breast cancer appear comparable with non-pregnant women [39] . Doxorubicin is also a substrate of the multidrug resistance transporter, P-gp. Pregnancy appears to increase renal P-gp activity [36] . although P-gp activity in the intestine and liver has not been tested, if they respond in a similar manner as in the kidneys, then plasma concentrations for P-gp substrates are likely to be reduced. the impact of pregnancy on P-gp activity in tissues involved in doxorubicin elimination as well as in tumor cells remains to be investigated. Subject 4, who received doxorubicin as a short-term infusion with concurrent cyclophosphamide and trastuzumab during her pregnancy, developed cardiotoxicity after her delivery. Cardiotoxicity is the main adverse effect of doxorubicin. Increasing the duration of doxorubicin administration significantly decreased the risk of congestive heart failure, likely due to decreased peak plasma concentration [40] . In other studies, CBr-mediated intracellular conversion of doxorubicin to doxorubicinol has been suggested as an important factor in the development of doxorubicin cardiotoxicity. although human studies are lacking, mice with CBr1 overexpression showed severe myocardial damage with doxorubicin administration. Inhibition of CBr1 decreased circulating levels of doxorubicinol, decreasing cardiotoxicity [41] .
the volume of distribution at steady state was not reported with the comparator study utilizing 72 h sample collection. However, the comparator studies that collected samples for 48 h did report Vss values, which were not significantly different from our data. this was in agreement with the findings by Van Calsteren et al. [3] in both baboons and humans. Doxorubicin is a hydrophilic drug. In a normal pregnancy, the volume of distribution of hydrophilic drugs is expected to increase due to the expanded intravascular and extravascular water. the estimated gestational increase in total body water ranges from 6.3 to 8.5 l, which accounts for ~60 % of gestational weight gain [42] . this would increase the total body water by 15-20 % over normal in non-pregnant subjects. although this is a substantial increase in total body water, it is a small increase relative to doxorubicin volume of distribution >1,000 l. therefore, pregnancy does not appear to alter the Vss of doxorubicin.
When examining the full 72 h of sample collection, doxorubicin t 1/2 was not significantly different from values previously reported in non-pregnant subjects. In addition, there was no change in half-life when our data were compared to the majority of previously published studies utilizing 48 h of sample collection. the duration of sample collection impacts estimation of half-life, with longer sampling time increasing accuracy. therefore, the comparison with studies utilizing prolonged sample collections should be the most valid.
In summary, these findings are an important contribution to the literature, providing additional data for doxorubicin pharmacokinetics in pregnancy with a longer sampling duration. In addition, this is the first study to report doxorubicinol concentrations in pregnancy, although further metabolite research is recommended. at this time, there is insufficient data to draw generalizable conclusions regarding optimum doxorubicin dosing for pregnant women. Our data from the only subject for whom we have both pregnancy and postpartum data (at 2.6 weeks), the individual change in BSa-adjusted Cl are in the opposite direction of the population effect. Doxorubicin pharmacokinetics are highly variable in adults regardless of pregnancy state. although studying chemotherapy during pregnancy is extremely challenging, further pharmacokinetic and pharmacodynamic data are required to optimize doxorubicin therapy for pregnant women.
